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Introduction {#sec001}
============

Chronic wounds are major burdens on patients and health care support systems. Every year in the United States, conservative estimates put the number of cases of chronic wounds at more than 6.5 million with a cost burden of over 50 billion dollars \[[@pone.0122327.ref001],[@pone.0122327.ref002]\]. Measurement of wound depth, angiogenesis and scar formation are important for the proper assessment and management of the healing wound in the patient \[[@pone.0122327.ref003]\]. Currently, these measurements require repeated biopsies that necessitate the removal of a portion of the wound to assess biomechanics, morphology and biochemical properties. The invasiveness of this current standard in clinical assessment of wounds perturbs the wound healing process and is also an added burden on the patient. Tissue characterization parameters involving non-invasive methods have been applied to pathological studies of various organs such as the breast, heart and liver \[[@pone.0122327.ref003]--[@pone.0122327.ref006]\]. However, the diagnostic applications of non-invasive methods involving ultrasonic measurements have not been widely applied to studies involving the skin, particularly in the context of wound healing \[[@pone.0122327.ref007]\].

In this study we have assessed the applications of a combination of advanced ultrasound based measurements along with laser speckle perfusion imaging to capture the sequence of events as related to the physiological processes of healing in an acute burn wound. We expect that the same measurements could also be applied to capture differences in the physiology of chronic wounds. Laser speckle perfusion imaging (LSI) is a technique that visualizes tissue blood perfusion in the microcirculation in real time. The LSI system provides dynamic response and spatial resolution in the instrument, providing both real-time graphs and video recordings of the area of interest. Dedicated application software enhances the collection and post-processing of images. The speckled patterns (dark and bright areas) generated reflect the degree of movement in any particular area \[[@pone.0122327.ref008],[@pone.0122327.ref009]\]. Speckle patterns blur in the region where particles in the blood are in motion. Blurred areas in motion give rise to contrast over the areas outside blood vessels without motion. The blurred micro vessels are color-coded to generate perfusion maps. It is therefore a powerful approach for blood perfusion imaging.

Ultrasonic techniques have been used to quantify physical parameters of biological tissue through measurements of acoustic propagation properties such as velocity, attenuation, absorption and scattering \[[@pone.0122327.ref005]\]. The basic principle of ultrasound imaging is the use of high frequency sound waves to generate images of internal organs and tissues via a pulse-echo sequence. Modern ultrasound systems have numerous and diverse applications including vascular imaging, visualizing 3D structures in motion and measuring the stiffness of tissues. The ultrasound transducer generates pulses that pass through tissue and reflect back producing echoes. The echoes of reflected and scattered ultrasound waves from tissue boundaries and within tissues respectively result in a B-mode image. The amplitude of the echo relates to brightness of the image \[[@pone.0122327.ref010]\]. Diagnostic ultrasound techniques typically have noise artifacts and clutter representing undesirable echoes from tissue interfaces. However, ultrasonic imaging of tissue using harmonics has been shown to reduce clutter and markedly improve image quality. Confining the imaging to the harmonic range eliminates much of the near-field artifacts associated with typical ultrasound imaging.

Elastography, also known as elasticity imaging, stiffness imaging or strain imaging, is a dynamic technique that uses ultrasound to non-invasively assess the mechanical stiffness of tissue by measuring tissue distortion in response to external stretch \[[@pone.0122327.ref011],[@pone.0122327.ref012]\]. The transducer is used to apply mechanical stress on the tissue by alternative compression and decompression of the skin, and this stress, measured as axial displacement of tissue, is displayed as an elastogram. The elastogram is represented as a color map with a range of colors from red (soft/high strain) to green (intermediate/equal strain) to blue (hard/no strain). This data can also be semi-quantitated using a visual scoring system based on the colors or using strain-ratio measurements usually provided in the elastography software \[[@pone.0122327.ref013]\]. Color Doppler based detection and analysis of blood flow velocity for high resolution imaging of tissues such as the skin is another unique feature. There are many advantages to using harmonic ultrasonic techniques for analysis of the skin in contrast to deeper organs. Due to the low depth of penetration required, lower frequencies can be used, permitting higher spatial resolution of the sample being analyzed. In skin, higher spatial resolution allows the differentiation of the epidermis, dermis and subcutaneous fat and the muscle layer. This technique has been demonstrated to be a rapid, accurate and non-invasive diagnostic tool in animal models \[[@pone.0122327.ref014]\].

In the current study, we explored the application of a combination of the ultrasound imaging system with laser speckle perfusion measurements to non-invasively monitor the process of wound healing, including measurements of tissue elasticity and microcirculation. Our intent was to validate such findings against invasive histological and biomechanical data and therefore we adopted a pre-clinical swine model which is known to be powerful in representing the human cutaneous wound \[[@pone.0122327.ref014]--[@pone.0122327.ref017]\].

Materials and Methods {#sec002}
=====================

Swine Skin Full Thickness Burn Model {#sec003}
------------------------------------

Animal wounding and maintenance procedures were performed as reported previously \[[@pone.0122327.ref017]\]. Briefly, six domestic Yorkshire white swine (70--80 lbs.) were used in this study for measurements using a set of six burn wounds each. The pig was sedated by Telazol (Fort Dodge Animal Health, Fort Dodge, IA) and anesthetized using isoflurane (3--4%). The dorsal region was shaved and skin was surgically prepared with alternating 2% chlorhexidine and 70% alcohol (Butler Schein, Columbus, OH) scrubs. Under such aseptic conditions, six 1"×1" burn wounds (three on each side of the dorsal spinal area) were made using a burn wound device heated up to 150°C and applied for 60 seconds under standardized pressure conditions \[[@pone.0122327.ref017]\]. Wounds were dressed with Tegaderm (3M, St. Paul, MN) after burning. Tegaderm dressings were held in place using V.A.C. drape (Owens & Minor, Mechanicsville, VA) and then wrapped with Vetrap and Elastikon (3M, St. Paul, MN). The animal received a single intramuscular injection of buprenorphine (0.3 mg/ml) during recovery from anesthesia and a transdermal fentanyl patch (100 μg/h) was applied to the inner surface of the pinnae. The pig was fed Mazuri laboratory swine chow (non-antibiotic) *ad libitum*, fasted overnight before the procedures, and housed individually in our animal facilities (University Laboratory Animal Resources, Ohio State University). The pig was maintained on 12h light---dark cycles and was euthanized after the completion of experiments on day 42. Laser speckle perfusion images, digital images, and ultrasound images were acquired from the pig pre-burn, immediately post-burn, and on days 3, 7, 14, 21, 28, 35, and 42 post-burn. Wound tissue from the left side of the mid-dorsum was collected on day 14 post-burn and wounds from the right side were collected on day 42 for immuno-histochemical assessments. In addition, tissue was collected for tensile strength measurements on day 42 post burn. Following the completion of the experiments, the animals were euthanized using concentrated KCl (1--2 mmol/kg) (as per IACUC policy:<http://orrp.osu.edu/files/2013/07/045-01-Use-of-Pharmaceutical-and-Non-Pharmaceutical-Compounds.pdf>) given intravenously (IV) while the animal was held under general anesthesia. This method of euthanasia is in compliance with the AVMA Guidelines and in accordance with OSU-IACUC policy on Euthanasia.

Ethics statement {#sec004}
----------------

All experiments were approved by The Ohio State University Institutional Laboratory Animal Care and Use Committee (Protocol Number: 2008A0012-R2). This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All procedures were performed under 3--4% isoflurane anesthesia and all efforts were made to minimize suffering.

Biopsies {#sec005}
--------

On the designated days (days 14 and 42 post-burn), swine were anesthetized as described in the burn method, the bandages were gently removed, followed by collection of full thickness wound-edge tissue biopsies using an 8 mm sterile biopsy punch for tissue analyses \[[@pone.0122327.ref017]\]. Two full thickness excisional biopsies across the whole burn wound length and comparable normal skin strips were collected on days 3, 7 (immuno-histochemistry only), 14 and 42 post-burn for histology, immuno-histochemistry, elasticity and tensile strength measurements. Buprinophine analgesia was provided at the time of biopsy collection, and wound sites re-bandaged as described earlier.

Histology {#sec006}
---------

Formalin-fixed, paraffin-embedded or optimum cutting temperature (OCT)-embedded frozen wound-edge specimens were sectioned (10 μm) \[[@pone.0122327.ref014]--[@pone.0122327.ref017]\]. The paraffin sections were deparaffinized and stained with hematoxylin & eosin (H&E) or Massons trichrome stain using standard procedures. Immuno-histochemical staining of paraffin or frozen sections was performed using the following antibodies: von Willebrand factor (vWF) (Dako North America Inc., Carpinteria, CA), keratin-14 (K14) (Covance Inc., New Jersey), Collagen IV (Acris Antibodies, San Diego, CA) after heat-induced epitope retrieval when necessary. Fluorescence detection and counterstaining were performed with Alexa Fluor 488 or 568 secondary antibody (1:200, Life Technologies, Grand Island, NY).

Microscopy {#sec007}
----------

Mosaic images were collected using a Zeiss Axiovert 200 inverted fluorescence microscope supported by an AxioCam digital camera, a motorized stage, and guided by Axiovision software (Zeiss, Thornwood, NY). Each mosaic image was generated by combining a minimum of \~100 images. Images were created by merging serial scans of thick tissue sections (20 μm) \[[@pone.0122327.ref014]--[@pone.0122327.ref017]\].

Wound Planimetry {#sec008}
----------------

Wounds were photographed using a Canon S110 digital camera, with electro-focus and a 5.2--26.0 mm lens. A ruler was captured in the photographs near the wound border for scale adjustments. The photos were uploaded to the ImageJ software to calculate the wound area. The ruler photographed on the image was used to calibrate the scale then freehand tracing around the wound was performed \[[@pone.0122327.ref014]--[@pone.0122327.ref017]\].

*Ex vivo* Tensile Strength and Dynamic Mechanical Properties Measurement {#sec009}
------------------------------------------------------------------------

To measure the strength of the healed tissue and skin; biopsies (2" × 0.08") were collected from the dorsum of the pig on day 14 and day 42 post-burn. The wound sites were positioned centrally within the skin biopsies as described previously \[[@pone.0122327.ref018]\]. Tissue specimens were mounted into the grips in to a mechanical tester (TestResources, Shakopee, MN, USA). MTestWr Version 1.3.6 software (TestResources, Shakopee, MN) was used. All skin samples were tested to failure at a strain rate of 1.3mm/s (0.05 in/s) (n = 4 per time point). To examine the dynamic mechanical properties of the healing wounds at days 14 and 42 post burning cyclic tensile tests were performed. Specimens were made as above and cyclically strained at 0.05 in/sec following a sine wave with a maximum strain of 10% and a minimum strain of 0% for a total of 20 cycles (n = 3 per time point). The resultant hysteresis in the load vs. position plots were quantified and average energy dissipation reported which is inversely related to skin elasticity. The total area within the curve between cycle 1 and cycle 20 (hysteresis) was calculated by the Trapezoid Rule using MATLAB R2014b (MathWorks, Natick, MA, USA). Average energy dissipation (mJ/mm^2^) for each time point was presented in comparison to normal pig skin from the same animal.

Ultrasound Data Acquisition and Analysis {#sec010}
----------------------------------------

### B-mode Image Acquisition and Processing {#sec011}

Video clips of the axial view of the wound area were recorded using a linear array probe with a frequency range of 3--18 MHz (Noblus ultrasound imaging system, Hitachi-Aloka Medical Corporation, Chiyoda-ku, Japan). A 6.5 mHz frequency was used for all the measurements described in this work. Initial adjustments were made to optimize the instrument before imaging was performed. Images/videos were recorded while gently sliding the probe head across the wound surface. Central time frames were chosen from the recorded video to measure the wound depth using the 'measure' feature in the software. Normal skin images were used to measure baseline skin thickness. The skin-adipose border being the brightest was used as an anatomical landmark to measure the wound depth and skin thickness. Wound depth was measured by choosing a frame that represents the wound center and applying the in-built software to obtain values depicted in the graph.

### Color Doppler Flow Imaging {#sec012}

The tissue Doppler color flow imaging (CFI) feature of the machine was used to acquire video clips with color coded images representing blood flow. This technique is capable of detecting arteries and measuring maximum flow rate in the skin and wound regions on B-mode. Application of a pseudo-color to the images allows the identification of the direction of flow---forward (red) and backward (blue). Noise caused by motion was minimized by reducing pressure applied while scanning and adjusting the gain. Proper orientation and rotation of the probe enabled detection of cross-sectional and longitudinal blood vessels across the wound tissue. The identification of vessels by pulse wave Doppler velocity measurement was based on the sensitivity and specificity of the probes to detect the most prominent signal in the wound vicinity. We used the following parameters to maintain consistency of the results obtained: 1) Depth as basis for vessel identification: Measurements were made upto a 12 mm depth from the skin surface and maintained for all time points. 2) Measurement taken: Specific side of the wound was chosen for the detection of feeder vessels and kept consistent for every time point measured. 3) Size of the vessel detected: Using the length measurement tool the size of the vessels detected was measured and size matched vessels were used for the flow measurement.

### Pulse Wave Doppler Velocity Measurement {#sec013}

The pulse wave color Doppler feature of the machine generated the blood flow velocity from the color flow images. Real-time velocity profiles were recorded and used to measure systole (profile peaks) and diastole (profile troughs) values. Vessel diameters were measured to identify similar blood vessels in the desired area for all time points to maintain consistency. Velocity was calculated from three peaks and troughs and the mean and standard deviation was calculated. Using the modified Bernoulli equation \[[@pone.0122327.ref019]\], $$\text{P} = \frac{1}{2}\rho\left( {V_{s}^{2} - V_{d}^{2}} \right)$$ Where *ρ* is the density of blood, V~s~ is the velocity at systole and V~d~ is the velocity at diastole, the pulse pressure of the feeder artery was calculated.

### Elastography and Tissue Stiffness Mapping {#sec014}

Tissue Doppler elastography imaging (TDI) allowed the non-invasive mapping of tissue stiffness \[[@pone.0122327.ref020]\]. Elastography images show a color map representing the range of tissue elasticity within the strain curve of ± 0.5 limited by the ultrasound software. Blue represents tissues with least compressibility and red represents tissues with most compressibility indicating hard to soft tissue, respectively. TDI was used to obtain maps of normal, healing and scar tissues over time. Elastography is a qualitative measurement of hardness of tissue and is assessed visually by color coding. Numeric quantification was beyond the scope of this software.

### Scar Thickness Measurement {#sec015}

Tissue that was visualized as dark blue by TDI (indicating hardness) was determined to be scar tissue. Scar thickness was measured using the depth measurement feature of the software on the color elastography \[[@pone.0122327.ref021]\].

Laser Speckle Perfusion Imaging and Processing {#sec016}
----------------------------------------------

Color coded perfusion maps were acquired at all time points and average perfusion was calculated using PimSoft v1.4 software (Perimed Inc., Sweden). The wound edge and wound bed tissue regions were chosen as region of interests (ROI). From the real-time graphs obtained, time-of-interest (TOI) was chosen to include lower peak regions and to exclude motion related artifacts. Mean and standard deviation of perfusion data were obtained from the selected TOI perfusion data.

Statistics {#sec017}
----------

Data are reported as mean ± standard deviation of three wounds. Difference between means was tested using Students t-test or analysis of variance as appropriate.

Results {#sec018}
=======

Digital image planimetry and ultrasound B-mode imaging helps visualize the progress of wound healing on a real-time basis {#sec019}
-------------------------------------------------------------------------------------------------------------------------

Wound surface area was calculated using digital image planimetry. Digital images taken immediately following burn injury on the dorsum of the pig are shown in [Fig. 1B](#pone.0122327.g001){ref-type="fig"} (day 0) and [S1 Fig](#pone.0122327.s001){ref-type="supplementary-material"}. These wounds were imaged on days 3--42 and representative images are shown in [Fig. 1B](#pone.0122327.g001){ref-type="fig"}. Visual observations of the wound area show that there was an initial expansion of the wound area until day 7, followed by significant reduction between days 14 to 42 ([Fig. 1B](#pone.0122327.g001){ref-type="fig"}, dotted rectangles mark the area of the wound). This is shown quantitatively in [Fig. 1C](#pone.0122327.g001){ref-type="fig"}. The Noblus ultrasound scanner was used in tandem with a 5--18 MHz, 4 cm x 1cm linear array probe. The B-mode imaging feature was used to obtain cross-sectional images of the skin for longitudinal assessment of burn wounds in pigs for the first time ([Fig. 1B](#pone.0122327.g001){ref-type="fig"} and [S1 Video](#pone.0122327.s002){ref-type="supplementary-material"}). Baseline measurements of the skin ([Fig. 1B](#pone.0122327.g001){ref-type="fig"}, pre) allowed clear visualization and differentiation of the skin, adipose tissue and muscle layers. Immediately following the burn, these layers are no longer distinguishable ([Fig. 1B](#pone.0122327.g001){ref-type="fig"}, day 0). Images from day 3 to day 42 show a steady progress in the healing of the wound with an appreciable restoration of the different layers to that of baseline at day 42 ([Fig. 1B](#pone.0122327.g001){ref-type="fig"}, d3---d42). The lack of biomechanical properties of the underlying skin results in a concave appearance in B-mode starting at d14. The images obtained were then used to calculate wound depth which is quantitatively represented in [Fig. 1D](#pone.0122327.g001){ref-type="fig"}. The data shows that wound depth increased until day 14 (8.1mm) followed by a steady decrease as the healing progressed upto the end of the study. Interestingly, on days 21--42, there appears to be a cavitation visible in the healing skin layers (outlined with a white hashed line in these images), with a narrow top and a broader base region that would not be otherwise visualized by standard methods. This cavitation area was visualized in wounds from all pigs used in the study (representative images from n = 1 pig shown) with differences in size and shape as may be expected due to biological variations. From the measured wound depth and wound area, wound volume was calculated. The results show that there was a regression of the wound after three weeks ([Fig. 1E](#pone.0122327.g001){ref-type="fig"}).

![Digital image planimetry and ultrasound B-mode imaging helps visualize the progress of wound healing on a real-time basis.\
(A) Digital images showing a time course of wound healing starting at day 0 (immediately post-burn) and ending at day 42. Hashed line box of size 1"×1" was drawn on d0 wounds to show the actual wound size. (B) Ultrasound based axial B-mode images from the time course of the study are shown. Included is a baseline image from the normal skin pre-burn (pre). The hashed lines indicated in the images---pre d14, represent the distance of the subcutaneous tissue from the epidermal layer. The lines in images d21- d42 outline the cavitation area visualized by this imaging. (C) Image planimetry data was plotted over the time course of the study.Data are mean ± SD, n = 3 pigs. (Scale bar = 1cm). (D) Wound depth quantification was performed based on the B-mode images for all time points and represented graphically. Pre-burn images were used to measure baseline skin thickness. (E) Using the area and depth measurements, wound volume was calculated and represented graphically. Data presented as mean ± SD. (Scale bar = 1 cm).](pone.0122327.g001){#pone.0122327.g001}

Histological characterization of wound healing {#sec020}
----------------------------------------------

Formalin-fixed paraffin sections were de-paraffinized and stained with hematoxylin and eosin ([Fig. 2A](#pone.0122327.g002){ref-type="fig"}). OCT embedded frozen sections were fixed and stained for a marker of epithelial cells (keratin---14) (K14; [Fig. 2B](#pone.0122327.g002){ref-type="fig"}). H & E and K14 (green) stained sections of normal skin and wounds from day 14 and 42 are shown in [Fig. 2](#pone.0122327.g002){ref-type="fig"}. On day 14 post burn, the epithelium was still in the process of being reformed and appears incomplete compared to normal skin ([Fig. 2A](#pone.0122327.g002){ref-type="fig"}, compare normal skin and day 14 panels). Shown in the zoomed in image is the area in the healing wound where epithelialization has started and a characteristic epithelial tongue (ET) is visible (indicated in [Fig. 2A, B](#pone.0122327.g002){ref-type="fig"}). This is further corroborated by the partial K14 staining in sections from day 14 wounds, where the epithelium appears to be still in the process of being formed. Also shown in these sections are DAPI stained nuclei in blue ([Fig. 2B](#pone.0122327.g002){ref-type="fig"}, compare normal skin and day 14 panels). Images from day 42 post burn show almost complete re-epithelialization of the wound by H&E ([Fig. 2A](#pone.0122327.g002){ref-type="fig"}, day 42 panels) and K14 staining ([Fig. 2B](#pone.0122327.g002){ref-type="fig"}, day 42 panels) indicating normal healing of the wound. However, despite re-epithelialization at 6 weeks post burn, the healing skin is still in the process of remodeling as evidenced by histological differences compared to normal skin.

![Histological characterization of wound healing.\
(A) Shown are representative images (left panels) from formalin-fixed paraffin-embedded biopsy tissue sections (10 μm) of normal and wounded skin (days 14 and 42) that were immunostained using hematoxylin (blue) and eosin (red). Zoomed in images (right panels) of areas in each sections are also shown for better visualization of the epithelial layer of the skin. (Scale bar = 4 mm (left panels) or 500 μm (right panels)). (B) OCT embedded frozen wound biopsies were sectioned (10 μm) and stained using anti---keratin-14 (green) and DAPI (blue). Shown are representative images (left panels) of the stained tissue sections from normal skin and wounded skin (days 14 and 42). Also shown are zoomed in images (right panels) of areas in each section for better visualization of K14 stained epithelial layer of the skin. ET = epithelial tongue. (Scale bar = 1000 μm (left panels) or 200 μm (right panels)).](pone.0122327.g002){#pone.0122327.g002}

Laser speckle perfusion imaging shows dynamic changes in wound-site blood flow over time {#sec021}
----------------------------------------------------------------------------------------

The laser speckle perfusion method was used to functionally assess vascularization in the healing wound. Measurements taken immediately before and after the burn show low baseline levels of perfusion in the wound area (indicated by the box). The perfusion maps in [Fig. 3A](#pone.0122327.g003){ref-type="fig"} show the temporal changes in vascularization along the wound edge (indicated by white hashed line) and wound bed through the time of study. On day 3, vasodilation of existing vessels at the periphery of the wound results in detectable perfusion that remains elevated and interestingly, appear to be confined to the edge of the wound until day 14. From d7--14, neovascularization dominates at the wound edge. Following this, concurrent with the increased perfusion in the wound bed, there is a regression of perfusion along the wound edge at day 21. Finally, by day 42, there is sharp regression of perfusion throughout the wound. This is quantitatively represented in the graphs shown in [Fig. 3B and C](#pone.0122327.g003){ref-type="fig"} indicating dynamic changes in the microcirculation in response to the healing process of the wound.

![Laser speckle perfusion imaging shows dynamic changes in wound-site blood flow over time.\
(A) Perfusion was visualized as a two-dimensional color-coded map of blood flow (red = high; blue = low). Perfusion maps were acquired for all time points. A hashed line box representing the original wound size (1"x1") was drawn on perfusion images to show changes in perfusion and wound size over time. (B and C) Mean perfusion at the wound edge (B) and wound bed (C) from all the time points are shown in the line graph. Data represent mean ± SD. (Scale bar = 1cm). (n = 3 pigs).](pone.0122327.g003){#pone.0122327.g003}

Von Willebrand\'s factor and Collagen IV staining corroborate tissue perfusion imaging observations {#sec022}
---------------------------------------------------------------------------------------------------

Von Willebrand's factor (vWF) is produced by endothelial cells and is a marker for vascular structures \[[@pone.0122327.ref022]--[@pone.0122327.ref024]\]. Collagen IV (ColIV) is deposited by endothelial cells and plays a critical role in angiogenesis \[[@pone.0122327.ref025],[@pone.0122327.ref026]\]. These two markers were used in this study to visualize wound tissue vascularization on days 3, 7, 14 and 42 post burn ([Fig. 4A & B](#pone.0122327.g004){ref-type="fig"}). On day 3, ColIV and vWF stained structures were not visible in the wound edge or bed sections indicating that vasodilation from existing vessels near the wound edge rather than neoangiogenesis may be responsible for perfusion detected by laser speckle studies ([Fig. 3](#pone.0122327.g003){ref-type="fig"}). On days 7 and 14 post-burn, concurrent with the onset of angiogenesis near the wound edge, ColIV and vWF stained structures were visible in wound edge sections ([Fig. 4A & B](#pone.0122327.g004){ref-type="fig"}). At day 42, vWF-positive and ColIV-positive vascular structures with patent lumen were visible at both the wound bed and edge ([Fig. 4A & B](#pone.0122327.g004){ref-type="fig"}, day 42 panels).

![von Willebrand's Factor and Collagen IV staining corroborate tissue perfusion imaging observations.\
OCT embedded frozen wound biopsies were sectioned (10 μm) and stained using anti-ColIV (green), anti-vWF (red) and DAPI (blue). Shown are representative images of the stained tissue sections from the edge and bed of the wound on days 3, 7, 14 and 42. (Scale bar = 500 μm)](pone.0122327.g004){#pone.0122327.g004}

Ultrasound measurement of pulse pressure indicates enhanced blood flow *via* feeder artery supplying the edge of the wound {#sec023}
--------------------------------------------------------------------------------------------------------------------------

To further investigate wound-edge angiogenesis, color Doppler flow imaging (CFI) was performed using harmonics ultrasound technique at the wound edge. Blood vessels were identified using CFI mode. The systole and diastole velocity profiles of feeder vessels to the wound site were obtained using pulse wave Doppler technique (representative images in [Fig. 5A](#pone.0122327.g005){ref-type="fig"} and [S2 Video](#pone.0122327.s003){ref-type="supplementary-material"}). Quantitation of the systolic and diastolic flow velocity are represented in the graph in [Fig. 5B](#pone.0122327.g005){ref-type="fig"} and showed that blood flow in the vessels at wound edge increased after day 3 post-burn and returned to normal values by day 42. Bernoulli's modified hemodynamics equation (see [materials and methods](#sec002){ref-type="sec"}) was used to calculate arterial pulse pressure \[[@pone.0122327.ref019]\]. Interestingly, we were led to the maiden observation that the measured pulse pressure has a biphasic mode with a dramatic increase on day 3 and a shorter spike on day 21. The pressure returns to near baseline levels by day 28, indicating vascular homeostasis at this stage in the healing process ([Fig. 5C](#pone.0122327.g005){ref-type="fig"}).

![Ultrasound measurement of pulse pressure indicates enhanced blood flow *via* feeder vessels supplying the edge of the wound.\
(A) Velocity profile images of arterial wound-edge blood flow as measured by pulse wave Doppler flow are shown. Profiles of diastole (peaks) and systole (troughs) as indicated by arrows. (B) Flow velocities measured using the caliper feature of the software (cm/s) were plotted over time in the graph. (n = 3 pigs) (C) Mean arterial pulse pressure (mm Hg) of vessels feeding the wound area were calculated using Bernoulli's modified hemodynamics equation and represented graphically (n = 3 pigs). Data represent mean ± SD.](pone.0122327.g005){#pone.0122327.g005}

Tissue elastography enabled visualization of the existing and nascent tissue color-coded for their biomechanical properties {#sec024}
---------------------------------------------------------------------------------------------------------------------------

Tissue stiffness *in vivo* was mapped using the TDI feature. Color maps of these measurements illustrated in [Fig. 6](#pone.0122327.g006){ref-type="fig"} show variations in tissue stiffness from hard (blue) to soft (red). TDI measurements taken immediately before and after the burn (pre and day 0 respectively) indicate a very stiff outer layer (skin) and softer inner layers (adipose) ([Fig. 6A](#pone.0122327.g006){ref-type="fig"}). Starting at day 3 post-burn and up to day 14, corresponding with the increased wound depth, there is a decrease in the stiffness of the skin as indicated by the lighter blue and green areas in the top layers of the healing wound. From days 21 to 42, there was a progressive increase in the stiffness of the skin layers (dark blue areas). Interestingly, the cavitation visualized using B-mode imaging ([Fig. 1B](#pone.0122327.g001){ref-type="fig"}) was more apparent in the elastography images (marked with asterisks). Histological analysis of d42 wound indicated a lower abundance of mature collagen fibers compared to normal skin ([Fig. 6B](#pone.0122327.g006){ref-type="fig"}). An invasive measurement involving energy dissipation, which is inversely related to elasticity, was calculated during cyclic tensile testing. This showed a 4-fold increase in energy dissipation (decreased elasticity) from day 14 to day 42 post burn wound (average at d14 = 0.12 mJ/mm^2^, average at d42 = 0.48mJ/mm^2^). Energy dissipation from normal pig skin was significantly higher with an average of 0.71 mJ/mm^2^ (data not shown). Additionally, using elastography imaging, scar thickness was visualized and measured starting at day 35 ([Fig. 6C](#pone.0122327.g006){ref-type="fig"}). Measurements of the thickness of the scar using inbuilt software showed a decrease in size from days 35 and 42. Finally, tensile testing of the wound on days 14 and 42 was performed and showed that there was a decrease in failure properties of the healing skin compared to normal skin ([Fig. 6D-F](#pone.0122327.g006){ref-type="fig"}). Failure results also showed that the strength of the wound showed no significant improvement between 14 and 42 days of healing with an average maximum load at failure 61.3 ± 10.9 lbs. and 54.14 ± 5.5 lbs., respectively ([Fig. 6E,F](#pone.0122327.g006){ref-type="fig"}). While no significant differences in wound strength or stiffness in tension were observed between days 14 and 42 post burn, a larger number of delamination events, evidenced by the shoulders in the load-position curve, were present at day 14 likely indicative of an immature basement membrane formation between the epidermis and dermis ([Fig. 6E](#pone.0122327.g006){ref-type="fig"}).

![Tissue elastography enabled visualization of the existing and nascent tissue color-coded for their biomechanical properties.\
Skin hardness and elasticity of the wound was mapped over time as the wound heals. (A) Shown are color maps of the elasticity of the wound tissue over time. Asterisks (d21---d42 images) mark the presence of cavitation area. (n = 3 pigs). (B) Shown are representative images of formalin-fixed paraffin-embedded biopsy tissue sections (5 μm) of normal and wounded skin (Day 42) that were stained using Massons trichrome method. Staining results in blue-black nuclei, blue collagen and light red/pink cytoplasm. Epidermal cells appear red. Scale bar = 4mm. (C) Quantification of the thickness of the scar from day 35 and 42 are shown graphically. (D-F) The strength of the healing burn wounds were assessed using a TestResources mechanical tester. All skin samples were tested to failure at a strain rate of 0.05 in/sec. Load versus position for each group (normal skin, d14 and d42) is plotted; (n = 3 pigs); (Scale bar = 1cm).](pone.0122327.g006){#pone.0122327.g006}

Discussion {#sec025}
==========

This work establishes that high resolution harmonics ultrasound imaging in tandem with laser speckle flowmetry imaging is a powerful approach to longitudinally study functional wound healing non-invasively. Harmonics ultrasound imaging afforded the ability to perform high resolution, live imaging of skin and skin-associated tissues with the added advantage of studying gated feeder vessels supplying the wound site. The technologies implemented in this work allowed the monitoring and assessment of a cutaneous wound in all three dimensions affording the opportunity to scale depth. Ultrasound based B-mode imaging along with elastography measured the changes in anatomical structure as discriminated by their acoustic properties. Previous attempts to estimate wound depth have been riddled with technical challenges primarily because of the approach utilized \[[@pone.0122327.ref027],[@pone.0122327.ref028]\]. The design of linear array probe taken together with the versatility of the post-processing software used in the current study provided reliable quantitation and visualization of the heterogenous wound tissue as a function of healing time. In the current experimental model of burn wounding, it took 6 weeks for the injured skin to approach baseline anatomical profile with clear presence of scar tissue. This observation is consistent with the established notion that scar tissue may take several months or years to remodel \[[@pone.0122327.ref029]--[@pone.0122327.ref033]\]. Indeed, a tight match between the ultrasound and histological images validates the suitability of the 6.5 MHz probe in weighing out resolution versus field of view. This probe setting should be adjusted such that higher frequency may be preferred for smaller wounds. Images shown in the current work have been subjected to the handicap of low frequency probe to make sure that the findings are relevant to clinically presented wound sizes.

In the skin, pathologies are commonly associated with changes in tissue stiffness. The ability to map elastic properties of the repairing skin enabled visualization of soft tissue growth within a week of injury. Commonly used for breast examination \[[@pone.0122327.ref034],[@pone.0122327.ref035]\], this work provides first report on strain imaging and shear wave elastography of the healing wound. Measurement of the hysteresis of the load-position curve provided energy dissipation values and an invasive measurement of the elasticity of the tissue which indicated that the skin in the healing wound is more pliable or elastic at d14 compared to d42. However, even at d42, the elastic properties of the skin have not yet returned to normal skin values. Caution must be taken when comparing mechanical data from these different testing modalities, however, as they probe different volumes of the tissue and probe the tissue using different forces (tension versus compression etc.). Elastography also enabled the visualization and quantification of post-closure scar tissue. The results are in tight agreement with histological findings. During the first two weeks after injury, it is visible that the subcutaneous tissue is depressed by an expanding presence of granulation tissue which serves as the site of inflammation. One week thereafter, the granulation tissue shrinks making room for the subcutaneous tissue to return to its prior position. At the same time, appearance of the leading edge from both sides is evident. Upon closure in the 6^th^ week after injury, the skin and subcutaneous adipose tissues re-position in a way that closely resembles but does not exactly match the baseline skin image. The cavitation noted on the closed wound represents the scar tissue as validated histologically. It is possible that this cavitation area in the wound might represent a region where extracellular matrix remodeling is still occurring, therefore having lower collagen density. This is corroborated by the lower abundance of mature collagen fibers in d42 wounds compared to normal skin. This could compromise the biomechanical properties or elasticity of the wound, making it brittle and compromising its load bearing capacity. In the context of findings related to post-closure tensile strength, the implications of this observation are that the cavitation area may be a vulnerable point in the wound and likely to be more prone to wound recurrence.

The ultrasound transducer used in the current study is capable of Doppler color flow imaging. While this technology platform is commonly used for diagnostic echocardiography \[[@pone.0122327.ref036],[@pone.0122327.ref037]\], this work provides first evidence on functional blood flow parameters in gated peripheral feeder artery supplying the wound site. In isolation, angiogenic factors or endothelial cell proliferation is not sufficient to induce angiogenesis. It is well documented that hemodynamic factors play a key role in driving inducible angiogenesis. Importantly, these biomechanical forces have to work synergistically with chemical factors in order to drive the proper establishment of vascular supply. A combination of biomechanical stimulation (*e*.*g*. shear stress, circumferential stretch and mechanotransduction) \[[@pone.0122327.ref038]--[@pone.0122327.ref044]\] and chemical stimulation (*e*.*g*. angiogenic proteins and growth factors) \[[@pone.0122327.ref045]--[@pone.0122327.ref050]\] orchestrate various aspects of neo-vascularization including the proliferation of cells (endothelial, smooth muscle and fibroblasts), regulation of permeability, stabilization of vessels and the production of the extracellular matrix (ECM). Modulation of simply one or the other of these regulatory arms may be insufficient to trigger functional angiogenesis to the full extent possible. This is evidenced from reports of gene therapies targeting the vascular endothelial growth factor (VEGF) that have failed in clinical trials \[[@pone.0122327.ref051],[@pone.0122327.ref052]\] possibly because they target only one aspect of the above mentioned combinatorial regulatory process. Because of technological limitations currently there is no functional evidence in the literature as to how wound angiogenesis is related to changes in blood flow velocity of the primary feeder artery that supplies the wound site. While pulse velocity is commonly used to assess arterial wall stiffness, it is also a key determinant of local hemodynamic performance. Higher pulse velocity can only be generated by healthy arteries and will propel blood flow within the given vessel resulting in higher sheer stress which in turn is likely to drive wound angiogenesis. As expected, pulse velocity was recorded as being low, comparable to that of homeostatic baseline skin, immediately post-injury. Hypothetically one of the earliest drivers of wound angiogenesis is a sharp elevation of pulse velocity in the primary feeder artery that supplies the wound site. This remarkable change is noted on day 3 at the inflammatory phase as blood borne immune cells accumulate at the wound site. The mechanisms underlying this escalation remain unknown. During the course of the next two weeks of the healing process there appears to be a correction of pulse velocity wherein the velocity is still 5-fold of the baseline but has declined by about a third of where it was during the peak on day 3. This observation leads to the speculation that the noted rise in pulse velocity after wounding is not completely dependent on cells abundant during the inflammatory phase. As evident histologically with this wound model, the inflammatory phase has been largely resolved by the end of the second week. Of outstanding interest is the observation that as pulse velocity declines from day 3 to day 14, the system engages in a second boost of pulse velocity resulting in a bimodal peak as reported. This tight dual control of the arterial pulse velocity points towards an extraordinary significance of arterial hemodynamics in wound angiogenesis.

Laser speckle imaging has previously been used for the assessment of spatio-temporal hemodynamic changes during excisional wound healing \[[@pone.0122327.ref053],[@pone.0122327.ref054]\]. We were able to visualize perfusion changes in the entire wound area as healing progressed and these were validated with histological analyses. Perfusion is visibly increased along the wound edge during early stages of wound healing, co-inciding with the inflammatory phase of wound healing, which then proceeds to the wound bed as healing progresses. ColIV has been implicated as an early marker of neoangiogenesis in recent studies on rat gastric walls \[[@pone.0122327.ref055]\]. ColIV is detected earlier during wound healing than vWF. As tissue remodeling occurs (d42), perfusion in the wound edge regresses and returns to baseline levels comparable to that of the surrounding normal skin \[[@pone.0122327.ref056],[@pone.0122327.ref057]\]. Remarkably, it appears that it takes over a month for angiogenesis induced at wound edge (d3) to resolve (d42) and approach baseline levels. Although similar spatial changes in perfusion have been previously noted in short term studies on excisional wound healing \[[@pone.0122327.ref053],[@pone.0122327.ref054]\], this study is the first to longitudinally follow the spatio-temporal changes in blood perfusion over a period of six weeks.

In conclusion, we demonstrate that harmonic ultrasound in tandem with laser speckle technologies represent a powerful approach for the non-invasive longitudinal assessment of the cutaneous wound healing process with higher resolution and accuracy. This approach has the power to comprehensively query wound depth and tunneling issues that are of critical clinical significance. The utility of these powerful tools in visualizing and characterizing wound healing multi-dimensionally, without the need for invasive measures is an incomparable advantage for both clinical as well as research applications. Visualization of the longitudinal cutaneous wound healing process through the lens of the above-mentioned technologies provide the opportunity to appreciate mechanistic underpinnings that are otherwise not evident. Changes in the pulse velocity pattern in the primary feeder artery supplying the wound site, is one such example. In summary, this work establishes that high-resolution harmonics ultrasound imaging is a powerful approach for the non-invasive characterization of cutaneous wound healing.
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###### Digital images of 1"x1" burn wounds applied to the dorsum of pig.
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###### Ultrasound B-mode imaging showing normal and wound areas on day 14 post-burn.
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###### Color Doppler flow imaging of a feeder vessel showing measurement of systolic and diastolic pressures.
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